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The application of direct time-locked subsamplif@LSS) to Fourier transform electron
paramagnetic resonano&T-EPR spectroscopy at radio frequenci€s) is described. With
conventional FT-EPR spectroscopy, the high Larmor frequeritigsoften necessitate the use of
intermediate frequencilF) stages to down convert the received free induction d¢EHY) signal

to a frequency that can be acquired with common data acquisition technology. However, our
research focuses dn vivo studies, and consequently utilizes a FT-EPR system with @ 300

MHz. This relatively low frequencyL¢, in conjunction with the advent of bandpass sampling
analog—-to—digital conversion and signal processing technologies, has enabled us to omit the IF stage
in our FT-EPR system. With this in mind, TLSS techniques have been developed to directly sample
the 300 MHz FID signal at a sampling rate of 80 MHz providing a signal bandwidth of 20 MHz. The
required modifications to the data acquisition and processing system specific to this application are
described. Custom software developed to control the EPR system setup, acquire the signals, and
post process the data, is outlined. Data was acquired applying both coherent averaging and
stochastic excitation sequences. The results of these experiments demonstrate digital down
conversion of the 300 MHz FID signal to quadrature baseband. Direct FID TLSS eliminates many
noise sources common in EPR systems employing traditional analog receiver techniques, such as
the IF mixer stage in single channel systems, and the quadrature baseband mixer stage in dual
channel systems® 2005 American Institute of Physics.

[DOI: 10.1063/1.1903163

INTRODUCTION 300 MHz utilizing bandpass sampling techniques, as op-
posed to directly sampling the free induction ded&D)

We are developing both continuous way@W) and signal at ratege.g.,>1 Gs/9 that meet the Nyquist criteria
pulsed electron paramagnetic resonan@&°R imaging for the rf signal. The results of direct detection with subsam-
spectrometers for functional imaging of small aniniaWith pling in EPR imaging at rf frequencies are presented.
the availability of narrow-line, nontoxic spin probes which
are suitable for EPR imaging, we have developedyivo, Subsampling
noninvasive oximetric methods based on the oxygen depen-

: . . g . An implementation of the so-called time-locked subsam-
dent line width and relaxation timé, of the paramagnetic

. = . . pling (TLSS) in CW EPR at X-band was carried out by Hyde
Spin probe§.7 In the small-animal Fourier transform-EPR et al® Using single channel detection, the down converted

(FT'E,PR) imaging ;pectrometer we use rf pulses-af00 ns intermediate frequencyIF) EPR signal is sampled four
duration at a nominal peak transmit power of 80 W. Thesqimes in (2n+1) IF cycles (e.g., acquiring four samples in

pulses are applied at a frequency of SO kigzery 20u8),  tyreq or five IF cycles After processing the data, phase sen-

corresponding to a duty cycle of 1/200. We are in the prog;ye detection was clearly demonstrated in a nitroxide spin

cess of exploring the implementation of modern digital Sig-ape| that yielded multiple in- and out-of-phase harmonics
nal processingDSP) techniques in CW and time-domain (5 g the fourth harmonic of the response to field modula-
EPR imaging. Many of the current data acquisition Systemsjon for hoth the dispersion and absorption EPR sigrials:
allow integration of relatively low frequency analog-to- single sweep. Subsequently, Fronciszal® demonstrated
digital (A/D) converters with DSP firmware. Because of this, ihe application of TLSS detection in three forms of pulse
we are examining the feasibility of direct detection of EPR atepRr spectroscopy at X band, namely, in FID, saturation re-
covery, and pulsed electron-electron double resonance.

dauthor to whom all correspondence should be addressed; electronic mail: Bandpass sampling can .be_USEd in a variety of a}pplica-
pursley@helix.nih.gov tions over a broad range of disciplines, and has roots in com-
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FIG. 1. Simplified schematic of the time-locked subsamplingSS) algorithm.

munications theor%”ln this special case of bandpass sam-time skew between the even and odd arrays of data which
pling (TLSS), the frequency of the sampled signal is shiftedresulted from the resampling step of the algorithm.
down to quadrature baseband when the following require- The simplicity of the algorithm stems from the restric-

ments are mef tions imposed by this case of bandpass sampling. Assume a
band limited signa[Fig. 2(a)] described in Eq(2).
4f
fo= o :1, wheren = 0 andfg = 4fg,, (1) f(t) = A(t)cod 2mft + A(1)],

where f.=center frequencyfg,,=bandwidth of signal, and f(t) = A(t)cod (1) Jcos 27 t) — A(t)sin (1) Jsin(2arf ).
fs=sampling frequency. (2
Since our applications are focused omvivo studies ) _
(i.e., low frequency EPR the current state of A/D converter ! the selected sampling frequency;) meets the require-
technology allows the rf FID response to be sampled directlyMeNts in Eq(1), thenf(t) can be described by E(B), where
This eliminates the need for analog hardware that has bee = 1/1s.
traditionally used to shift the FID signal down to an IF, or to f
quadrature baseband, before signal acquisition. In specific, f(kT)=(=1)"A(KT) CO{(X)(kT)]COS{ZW(ZS)kT}
our 300 MHz centered FID signal is directly.e., no IF
stage sampled at a rate of 80 MHz. . . fs
For in vivo imaging of small animalge.g., mice, the —S|r’{¢(kT)]S|n{27r<Z>kT”. )
current FT-EPR system has an imaging bandwidth of = ) ) )
~20 MHz. Bandpass sampling the 300 MHz carrier with This signal is effeptwgly shifted down to a penter frequency
=80 MHz provides a signal acquisition system bandwidth of°f fs/4 @s shown in Fig. @). The next step is to quadrature
20 MHz [Eq. (1)]. Therefore, the system bandwidth is more doWn convert the shifted signal by multiplying it by
than adequate for our10 MHz 3-dB bandwidth FID signal. C0S27KTf/4) to get the even componentl) and
The actual FID signal bandwidth is a result of the physicalSiN27KTfs/4) to get the odd compone(®). This is equiva-

size of the test sample and the gradient magnitude. In addl€nt o the step in the TLSS algorithm of negating every
tion to the implementation with standard coherent averagin%‘her point of each decimated array. The two components are
methods, the direct FID TLSS technique has been applied tB'€n represented by EG4).
studies involving stochastic excitation methdds. f

The TLSS algorithm, as shown in Fig. 1 and described ~ f .(kT) = (- 1)”A(k1')00i¢(k17]0052[277(f)kT],
by Hydeet al,? for guadrature bandpass sampling begins by
resampling the acquired data by 2 into a set of even points
and a set of odd points. It should be noted that since one set fo(kT) =~ (- 1)”A(k'|‘)sir{¢(k'D]sin2[2w<—S)kT}. (4)
consists of even points and the other odd points, the sam- 4

pling time of each point in one set is skewed relative to theysing trigonometric identities, Eq4) simplifies tol and Q

corresponding point in the other set byfl/The next stepis  terms comprised of a signal at baseband and one at half the
to negate the value of every other point in each of the twosampling frequency shown in E¢p).

sets, resulting in two modified arrays of data sampled/&.

The two data arrays can then be interpolated back to the _=9° (f_s>
original sampling rate to compensate for theflgampling k) 2 AlkTicod (kD) 1+ cog 2m 2 kT
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FIG. 2. Frequency domain plot showiiig the original band-limited signal and subsampling sigiq@nd (b) convolution of the band-limited signal and the
subsampling functiorig, resulting in a repeating pattern of the original signal with reflection symmetry around zero Hertz.

(-" ware components, and developing custom software for the
2 AKKT) downstream signal processing. The acquisition is indepen-
dent of the type of system excitation selected., coherent

><sir{qb(kT)]{1 B co{ 2w<%>kT] } (5) averaging or stochastic excitatjon

The higher frequencyfs/2 component is then filtered out System configuration

leaving only the baseband signal. In the TLSS algorithm, the ~ An existing 300 MHz FT-EPR spectrometer was modi-
higher frequency term is not present in the final results befied for these experiments. The system is similar to our pre-
cause of the reduction of the sampling rate in the decimatiofiously published system configuratioh¥’ The hardware

fQ(kT) ==

step. configuration is shown in Fig. 3. The current system simpli-
fies the transmit section by replacing most of the analog
MATERIALS AND METHODS hardware with an AWG610 arbitrary wave form generator

(AWG) (Tektronix, Richardson, TX The AWG digitally
Direct FID TLSS (i.e., quadrature bandpass sampling generates a pair of rf pulse wave forms that are 180° out—of-
was accomplished by replacing several EPR system hargthase. These wave forms are synthesized at a rate of
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FIG. 3. Block diagram of the 300 MHz FT-EPR system. The spectrometer can be configured for both coherent pulsed excitation and stochastic excitation.
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FIG. 4. Block diagram of the firmware programmed into the Altera CPLD to transfer four data bytes from the A/D converter as one 32-bit word into the data
acquisition card.

2.4 GS/s. Use of the AWG is an improvement over our pre-device (PLD) (Altera, San Jose, CA(see Fig. 4. In this
vious methods which utilized a signal source, phase shifteformat, the 32-bit sample data packets are input to the digital
and rf switches to generate the 180° out—of—phase rf pulse§O board at a 20 MHz rate. The digital /O board has 32 MB
Omitting these traditional analog rf components helps toof onboard memory to store the incoming data.
minimize assorted amplitude and phase errors. A standard Customized signal processing and graphical user inter-
function generator is used to trigger each AWG rf pulse, andace software was written usinghnBvVIEW (National Instru-
it synchronizes all of the system hardware with the 10 MHzments, Austin, TX and MATLAB (Mathworks, Natick, MA.
reference signal. The phase of the output rf pulse is selectel flow diagram of the software-based signal processing is
by a digital signal that is input to the AWG. This phase shown as part of Fig. 3. The software initializes the magnetic
control signal is either a standard square wave to alternatiéelds with the primary field fixed at 10.6 mT, and the gradi-
the phase for the coherent averaging sequence, or a pseudsi fields set to create a linear gradient of 2.5 G/cm. Once
random sequence to select the phase for the stochastic extite fields are initialized, the software begins a two-
tation sequence. dimensional(2D) acquisition. For a chosen plane, the gradi-
The receive section consists of the A/D board, a digitalent vector is rotated in equal angle intervéle., 37 inter-
logic board, and a PC-based digital input—output pdr3) vals), and at each angle 131072 FID wave forms are
board. The A/D converter was on an AD9432 evaluationaveraged. If operating in stochastic excitation mode, a Had-
board(Analog Devices, Norwood, MA The AD9432 has a amard transform is performed on the averaged wave form to
500 MHz analog input bandwidth, 12-bit resolution, and acorrelate it with the pseudorandom sequence used to control
maximum sampling rate of 105 MHz. The A/D converter the phase of the excitation rf pulses. A fast Fourier transform
sample data is output as a 12-bit word along with the clocks computed on each averaged wave form to generate the
signal. An 8648D frequency synthesizégilent, Palo Alto,  projections needed to reconstruct an image. The 2D image is
CA), synchronized with the AWG via the 10 MHz reference then reconstructed via filtered back projection.
signal, generates the 80 MHz sampling clock used for these
experiments. This sampling frequency and subsequent pro-
cessing(i.e., resampling enable the acquisition of a FID
signal having up to 20 MHz bandwidflsee Eq.(1)]. The
A/D converter sample output rate exceeds the input data rate The spin probe is a sample of powdered NMP-TCNQ
of the PCI-6534 digital I/O boardNational Instruments, (N-methylpyridinium tetracyanoquinodimethanehich is a
Austin, TX). Consequently, a digital logic board was devel- paramagnetic charge-transform complex exhibiting a narrow
oped to reduce the 12-bit data to 8-bit data, and combine foUEPR line atg=2. The spin content in the sample was quan-
samples into a 32-bit word. This combining of samples wadified by comparing with a known sample and was found to
accomplished with a EPM7128SL.C84-6 programmable logide approximately X 10,

Spin probes
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FIG. 5. Received FID signals with zero gradient fields @rcoherent averaging ari)) stochastic excitation for NMP-TCN@, field was offset by 0.524
mT and theB; field is 1.0 G. Solid line is thé term and dashed line is th@ term.

Resonator gradient field was set to zero. The SNR of the acquired co-

The resonator is of the parallel coil t)ﬂﬁahat has an herentaveraging FID is-25 dB and the SNR of the stochas-
inner diameter of 12.5 mm, and a length of 25 mm. Thetic excitation FID is~22 dB. Our focus was not to maximize
resonator is tuned to 300 MHz and has a critical unloagled the SNR, or to compare the coherent averaging and stochas-
of ~500. TheQ is brought down to approximately 21.4 by a tic excitation approaches. The difference in observed SNR
combination of resistive damping and overcoupling throughvas due to variations in the system configuration for the two
adjustments of a matching capacitor. Under these conditiondyPes of experiments. The averaged FID signals are shown in
there is no reduction i when the sample is loaded. The Figs. 9a) and 3b).

dead time of the system is300 ns. TheB; per square root A 2D image of two test tubes, each containing samples
of watt is 0.45u,T /W22, of NMP-TCNQ, was acquired using coherent averaging, and

reconstructed using back projecti@ee Fig. 6. The gradient
Testing field was set at 2.5 G/cm.

Two sets of experiments were performed, one using co-
herent averaging and the other using stochastic excitation.
For each set, a single averaged FID was collected withouPISCUSSION
active gradient fields to confirm that each experiment was

. . . We have d trated th f direct FID time-locked
configured for an acceptable signal-to—noise ra8dlR). © have gemonstrated fe Use of drec ime-locke

Th h i . i i ; d with subsamplingTLSS), in conjunction with coherent averaging
€ conerent averaging configuration was performed wi nd stochastic excitation, to perform FT-EPR spectroscopy.

1tOO r?s,tk'_) W rf-{:)L:!SG resultmgf n a Z'p iﬂgleS%FSO.Zél. \'/I'Vhe | Direct FID TLSS omits the traditional EPR system receiver
s oclt(_a\s Ic exc'ﬂ‘f" ion vvlas pf)frzgrrzrle AV\SD a>uns, Ipu S%ection IF stage. Overall EPR system performance improved
resuting in a tip angie o N _Image was also _;iue to the elimination of problematic phase errors and gain
acquired fof eaph experlment cor.1f|gur'at|on consisting of 3 mismatches normally associated with the inclusion of an IF
angular projections with the gradient field set to 2.5 G/cm. stage. When comparing results to previous system configu-
rations, direct FID TLSS showed a5 dB improvement in
SNR when testing the same amount of NMP-TCNQ sample.

A single averaged FID signal was acquired with a testPrevious experiments on an earlier sys]t%rgave results
tube sample of NMP-TCNQ using a coherent averaging apwith a SNR of ~17 dB compared to~22 dB for experi-
proach and a stochastic excitation approach. In both cases th&ents on the current system.

RESULTS
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